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This paper reports on a simple method to prepare a hydrophobic surface on black silicon, which is fabricated by
metal-assisted wet etching. To increase the reaction rate, the reaction device was placed in a heat collection-
constant temperature type magnetic stirrer and set at room temperature. It was demonstrated that the micro- and
nanoscale spikes on the black silicon made the surface become hydrophobic. As the reaction rate increases, the
surface hydrophobicity becomes more outstanding and presents self-cleaning until the very end. The reflectance of
the black silicon is drastically suppressed over a broad spectral range due to the unique geometry, which is
effective for the enhancement of absorption.
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Black silicon has attracted wide attention due to its ex-
tremely low reflectivity (even below 1%) since a nano-
structured silicon surface was built by femtosecond laser
pulse irradiation in 1999 [1]. Owing to its promising
future, extensive research has been done to create ran-
dom nanospikes or nanopores on silicon surface by dif-
ferent approaches, for instance, femtosecond laser pulse
irradiation [1,2], metal-assisted wet etching [3-5], react-
ive ion etching [6,7], and electrochemical etching [8].
After surface modification on silicon wafer, efficient sup-
pression of reflection in a broad visible spectral range can
be achieved through multiple reflection and absorption.
Branz et al. [9] proposed that a network of nanopores pre-
pared by Au-assisted wet etching formed the density-
grade layer between the air-nanopore interface and the
nanopore-silicon interface, which can reduce reflectance
at wavelengths from 300 to 1,000 nm to below 2%. Along
with grade depth increases, reflectivity decreases exponen-
tially. Especially in the gradient depth of approximately 1/
8 the vacuum wavelength or half the wavelength in silicon,
the exponential decline is significant.
The surface hydrophobicity of black silicon has a po-
tential application in addition to the abovementioned* Correspondence: luckshibin@gmail.com; zmwu@uestc.edu.cn
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in any medium, provided the original work is pexcellent features, taking advantage of the feature that
high technologies have been successfully developed, for
instance, nanodome solar cells with anti-dust surface
[10]. Due to chemical etching, the surface energy is re-
duced [11] and the surface geometry is reconstructed
[12]. Both sides will be conducive to the enhancement of
intrinsic hydrophobic surface. Local surface roughness is
considered relevant to surface hydrophobicity [13]. We
can use different chemical and physical approaches, such
as nanocoating materials [14], femtosecond laser irradi-
ation [15], photolithography [16,17], etc., to modify
surfaces, leading to the enhancement of surface hydro-
phobicity. Usually, these methods are complicated. In
this paper, we report a hydrophobic property of black
silicon surface. The micro- and nanospikes are prepared
by metal-assisted wet chemical etching, without any
complex nanomaterial coating deposition.Methods
N-type single-crystal silicon wafers (100) with a resistiv-
ity of 6 to 8 Ω cm were cleaned by RCA standard
cleaning procedure with each step for 15 min. After
cleaning, the wafers were etched with HF in order to
remove the unwanted native oxide layer. In the following
step, the wafers were etched in a mixed solution
containing H2O2, C2H5OH, H2O, HF, and HAuCl4 with
a typical ratio of 10:4:4:2:1, resulting in pores. This treat-
ment occurred at room temperature for 8 min.n Open Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
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a digital constant temperature water bath (HH-2,
Guohua Electric Devices, Changzhou, China) and set
at room temperature. The other (marked as B) was
laid in a heat collection-constant temperature type mag-
netic stirrer (HCCT-MS; DF-101S, Wuhan, Sensedawn
Science &Technology, Wuhan, China) at the same
temperature. The samples in the beakers were corres-
pondingly signed as A and B.
The morphology of the textured silicon was character-
ized using a scanning electron microscope (SEM; JSM-
5900 Lv, JEOL, Tokyo, Japan). An atomic force
microscope (AFM; SPA-400 SPM UNIT, DAE HWA NI
Tech, Pyeongtaek-si, South Korea) was used to
characterize the topology of the black silicon in tapping
mode. A UV-visible-near-infrared (UV–vis-NIR) spec-
trophotometer (UV-3600, Shimadzu, Tokyo, Japan) with
an integrating sphere detector was used to measure the
total (specular and diffuse) reflectance (R) and transmit-
tance (T). The static contact angles (CAs) were mea-
sured by capturing images of deionized water droplets
using a drop shape analysis system, referred to as a
sessile drop method. With a software equipped with an
optical contact angle measuring instrument (OCAH200,
Data Physics Instruments, Filderstadt, Germany), the CA
values between the tangent of the drop and the horizon-
tal plane at the point of contact with the black silicon
surface were calculated. The mean value was calculated
from at least four individual measurements, and each
individual measurement contains independent values of
the left and right contact angles.Results and discussion
In the metal-assisted chemical etching procedure, the Si
substrate is subjected to an etchant, which is composed
of HF and H2O2 compound. As a consequence, the
nanoscale noble metal particles sink into the Si sub-
strate, resulting in pores. It was found that the initial
morphology of the noble metal coverage is crucial to the
generation of the unique geometries of Si substrate [18].
During metal-assisted chemical etching, the noble metal
adheres to the silicon surface and acts as a cathode to
reduce the oxidant H2O2 generating holes (h
+). Then the
holes are poured into the valence band of silicon to
oxidize and dissolve the Si substrate in the HF solution.
Where the cathode reaction can be written as H2O2 +
2H+ → 2H2O + 2h
+, at the anode (silicon substrate), the
reaction is Si þ 6HF þ nhþ → nHþ þ H2SiF6
þ 4−n2 H2↑ [19]. So the overall reaction is Si þ n2 H2O2
þ 6HF → nH2O þ H2SiF6 þ 4−n2 H2↑ . When Au is
used as a catalyst, the reaction of metal-assisted chem-
ical etching of silicon in a solution of HF and H2O2
is Siþ H2O2 þ 6HF →Au 2H2O þ H2SiF6 þ H2↑.Details on the cathode and anode reaction mechan-
ism of the metal-assisted chemical etching can be
found elsewhere [18,20].
In an effort to comprehend the mechanism of the for-
mation of pores, the following statements about iso-
tropic etching give a better understanding. The etching
process continues as the catalysis of Au nanoparticles,
which are merely from the reduction of HAuCl4 by
H2O2. In the etching solution, Au particles adhere to the
wafer surface via diffusion. Due to the electromotive
force of Au particles being higher than that of silicon,
this will form the local electromotive difference of po-
tential. After the beginning of etching, nanopores are
formed on the wafer surface, and as this process con-
tinues, the Au nanoparticles will subside to the bottom
of the nanopores to ensure bottom etching. There is not
enough energy to make a hole reach the surfaces of the
sidewall because the sidewall of the nanopores are far
away from the Au nanoparticles, so the lateral etching
will stop. The above process results in the formation of
nanopores.
The procedure of etching with a color change on the
silicon wafer from gray to complete black is observed
obviously. From the SEM images (Figures 1 and 2), the
existence of nanoscale pores and spikes is seen. The
nanopores shown in Figure 1b are more uniform and
smaller than those shown in Figure 1a, and the length of
the nanospikes in Figure 2b is much longer than that in
Figure 2a.
When the two samples were taken out simultaneously
from the two beakers, only sample B in the HCCT-MS
showed clear hydrophobicity. The mixing process
accelerates the whole chemical reaction; nanospike
structures are clustered together at the point. In Figure 3,
the three-dimensional (3D) topological AFM image
(5×5 μm2) can reasonably support the above hypothesis.
The nanoscale structures together with the few micro-
scale features decorating the spikes result in a pro-
nounced increase of the overall roughness. The increase
of local surface roughness is beneficial for the enhance-
ment of surface hydrophobicity. It is assumed that the
surface of sample B prepared with this procedure pos-
sesses the hydrophobic self-cleaning function due to the
second length scale morphology. It is well known that a
hydrophobic surface generally refers to a surface with a
water contact angle larger than 90°. When a surface has
a water contact angle larger than 150°, it is called a
superhydrophobic surface.
The initial understanding on a superhydrophobic
surface is mainly from lotus leaves [21], which consist of
micro- and nanostructures with self-cleaning capability
by instinct. In nature, it is very common that a
hydrophobic surface is obtained from the self-cleaning
phenomenon. For instance, the Compositae petal leaves
Figure 1 Top view of the black silicon produced by metal-
assisted chemical wet etching. (a) Sample A in the digital
constant temperature water bath. (b) Sample B in the heat
collection-constant temperature type magnetic stirrer.
Figure 2 Cross section of the black silicon produced by metal-
assisted chemical wet etching. (a) Sample A in the digital
constant temperature water bath. (b) Sample B in the heat
collection-constant temperature type magnetic stirrer.
Figure 3 3D topological AFM image (5 × 5 μm2) of sample B.
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self-cleaning function. In this paper, the silicon wafer
has been modified with metal-assisted wet etching. After
modification, the water contact angle on the surface of
black silicon clustered by nanospike and few microspike
structures is adequate to achieve self-cleaning. Accor-
ding to the experimental measurement, the mean static
contact angle of sample B is approximately 118°, while
that of sample A is approximately 82°. The textured sili-
con (sample B) with a dualistic structure can imitate
Compositae petal leaves ideally.
The water contact angles in such cases may be
interpreted by describing the Cassie-Baxter wetting state,
where liquid drops do not completely penetrate the
nanostructures and air pockets are trapped inside the
spikes underneath the liquid drop [22-24]. A relationship
that describes the contact angle on the textured surface
is expressed by the equation cos θCB = f cos θ + f − 1,
where θCB is the liquid–solid contact angle on the tex-
tured surface, θ is the static contact angle on the flat
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area.
Therefore, depending on the value of the f factor, the
surface can be either hydrophilic or hydrophobic. Accor-
ding to the above equation, the smaller the value of f, the
higher the increase of the contact angle. So it is essential
to make a smaller contact area in order to obtain the
higher contact angle. For example, the surface hydropho-
bicity can be improved in the preparation of a nanostruc-
tured silicon section. The result is consistent with the
reports that black silicon was obtained by a photochemical
procedure based on anisotropic etching [25].
The total optical reflectance spectra of A, B, and un-
treated crystalline silicon(C-Si) samples were measured
for normal incident covering the spectral regions above
and below the bandgap of silicon with a spectrophotom-
eter and an integrating sphere detector. As shown in
Figure 4a, the reflectance spectrum of the untreated
sample (blue dashed line) shows the typical high reflect-
ivity as expected, while the reflectance of samples A andFigure 4 Total reflectance and absorption spectra. (a) Total
reflectance spectra and (b) total absorption spectra for the A, B, and
untreated C-Si samples with wavelength ranging between UV and
NIR. The inset shows total transmittance spectra for both treated
and untreated samples.B was drastically suppressed over the spectrum from the
UV to the near IR. It is worthwhile to note that the re-
flectivity of sample B (red line) is 10% lower than that of
sample A (black line). The reflectivity of sample B also
increases evidently (23%) beginning from the wavelength
of approximately 1,216 nm.
The absorption curves of the textured samples in
Figure 4b, calculated by the formula A=1 − R − T, also
show a stronger absorption than the untreated sample
over a broad spectral range. Obviously, the absorption of
sample B is strongest in the range of 250 to approxi-
mately 1,100 nm. Over the UV–vis spectrum, the ab-
sorption of sample B is above 90%, even up to 98%. It is
noteworthy that the decrease of reflectance below the
bandgap is not accompanied by the increase of absorp-
tion, instead of the increased transmittance (as shown in
the inset). Both textured and untreated silicon are trans-
parent above the wavelength of 1,100nm. It is more im-
portant that the total reflectance and absorption of
sample B at the wavelength of approximately 1,100 nm
are approximately 8.649% and 54.32%, respectively, and
the results compared to those of sample A are higher.
By the same token, the appearance of random micro-
scale spikes can enhance optical absorption inside the
material. This behavior can be reasonably explained by
multiple scattering effects with second length scale
arrays. As shown in Figure 5, the length of spikes in
Figure 5b is longer than that in Figure 5a, so the fre-
quencies of reflectance in Figure 5b are more. So the
more frequencies of reflectance are, more light can be




Figure 5 Optical path of incident light on the black silicon
spike structures. (a) Sample A in the digital constant temperature
water bath. (b) Sample B in the heat collection-constant
temperature type magnetic stirrer.
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photovoltaic detectors, dust particles accumulating on
the device architectures will seriously imprison sunlight
and eventually lead to the reduction of device efficiency
and device life. Devices with self-cleaning function can
easily avoid the abovementioned problem. It is import-
ant that we use simple chemical etching to achieve the
self-cleaning function of black silicon surface. It paves
the way for our further study on the morphology and
topology of textured silicon by chemical etching.
Conclusions
In conclusion, we have demonstrated the self-cleaning
function of black silicon surface which was textured by
metal-assisted chemical wet etching. SEM and AFM im-
ages confirmed that the black silicon surface textured in
the HCCT-MS had both micro- and nanoscale struc-
tures. The static contact angle of approximately 118° is
adequate to make the surface hydrophobic with a self-
cleaning performance. The reflectance of sample B is
suppressed due to the unique geometry, which is effect-
ive for the enhancement of absorption. How to make
better use of the feature in a specific environment still
requires further study. The novel construction of a
hydrophobic surface on black silicon wafer may be ap-
plicable to various applications.
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